Some mutations of the insulin gene cause hyperinsulinemia or hyperproinsulinemia. Replacement of biologically important amino acid leads to defective receptor binding, longer half-life and hyperinsulinemia. Three mutant insulins have been identified: (i) insulin Chicago (F49L or PheB25Leu); (ii) insulin Los Angeles (F48S or PheB24Ser); (iii) and insulin Wakayama (V92L or ValA3Leu). Replacement of amino acid is necessary for proinsulin processing results in hyperproinsulinemia. Four types have been identified: (i) proinsulin Providence (H34D); (ii) proinsulin Tokyo (R89H); (iii) proinsulin Kyoto (R89L); and (iv) proinsulin Oxford (R89P). Three of these are processing site mutations. The mutation of proinsulin Providence, in contrast, is thought to cause sorting abnormality. Compared with normal proinsulin, a significant amount of proinsulin Providence enters the constitutive pathway where processing does not occur. These insulin gene mutations with hyper(pro)insulinemia were very rare, showed only mild diabetes or glucose intolerance, and hyper(pro)insulinemia was the key for their diagnosis. However, this situation changed dramatically after the identification of insulin gene mutations as a cause of neonatal diabetes. This class of insulin gene mutations does not show hyper(pro)insulinemia. Mutations at the cysteine residue or creating a new cysteine will disturb the correct disulfide bonding and proper conformation, and finally will lead to misfolded proinsulin accumulation, endoplasmic reticulum stress and apoptosis of pancreatic b-cells. Maturity-onset diabetes of the young (MODY) or an autoantibody-negative type 1-like phenotype has also been reported. Very recently, recessive mutations with reduced insulin biosynthesis have been reported. The importance of insulin gene mutation in the pathogenesis of diabetes will increase a great deal and give us a new understanding of b-cell biology and diabetes. (J Diabetes Invest,
INTRODUCTION
Diabetes mellitus is not a single disease, but a heterogeneous group of metabolic diseases characterized by chronic hyperglycemia resulting from the shortage of insulin action, which is caused by a decrease of insulin secretion and/or increased insulin resistance. Although the underlying etiology of the most common forms of diabetes has not been fully clarified, some forms of the disease are characterized by their specific etiology or pathogenesis. Biologically inactive or structurally abnormal insulin or its precursor, proinsulin, has been thought to be one of the possible causes of diabetes mellitus. The first mutant human insulin protein was identified by Tager et al. in 1979 1 . Until now, three types of mutant insulins with hyperinsulinemia [2] [3] [4] [5] [6] [7] [8] and four types of mutant proinsulins with hyperproinsulinemia [9] [10] [11] [12] [13] [14] [15] [16] [17] have been identified. Those are very rare and have shown only mild diabetes or glucose intolerance. Hyperinsulinemia or hyperproinsulinemia were the key for their diagnosis. The possibility of insulin gene mutations, which reduce insulin biosynthesis and therefore do not show hyperinsulinemia, has been speculated. The first example of this class of insulin gene mutations was identified in mice, but not in humans. The mouse models of hypoinsulinemic insulin gene mutations are Akita mice (C96Y mutation in Insulin gene 2) [18] [19] [20] and Munich mice (C95S mutation in Insulin gene 2) 21 . Both of these mouse models show early-onset diabetes and b-cell loss. Mutation at the cysteine residue causes the disturbance of correct disulfide bonding and proper conformation of the proinsulin molecule, which leads to misfolded protein accumulation in the endoplasmic reticulum (ER), increased ER stress and, finally, apoptosis of pancreatic b-cells. The same class of insulin gene mutations in humans has been identified as the cause of neonatal diabetes, and the cause of MODY, autoantibody-negative type 1-like diabetes and early-onset type 2-like diabetes [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . These mutations are heterozygous and work in a dominant manner. However, very recently, recessive mutations with reduced insulin biosynthesis have been identified in neonatal diabetes 32 . The spectrum of insulin gene mutations is spreading wider and wider. And its importance in the pathogenesis of diabetes is growing. In the present review, we summarize these various aspects of insulin gene mutations. and exon 2 (204 bp) encodes the signal peptide, the B-chain and part of the connecting peptide (C-peptide), and exon 3 (219 bp) encodes the rest of the C-peptide and the A-chain. Humans have a single insulin gene, although rats, mice and at least several fish species have two insulin genes 34 . The single human insulin gene corresponds to rat or mouse insulin gene 2. All of the three genes have two introns at corresponding positions, although rat and mouse insulin gene 1 lost one of two introns.
Insulin is synthesized almost specifically in pancreatic b-cells of the islets of Langerhans. Preproinsulin, the first translational product from the insulin gene, is a 110 amino acid polypeptide with the 24 amino acid signal peptide. The signal peptide is bound by the signal-recognition particle (SRP), and through interaction of the SRP receptor in the ER membrane, the penetration of preproinsulin into ER lumen occurs, and the proteolytic cleavage of signal peptide from preproinsulin yields proinsulin. Thereafter, proinsulin undergoes appropriate folding, forming disulfide bonds. Appropriately folded proinsulin is then transferred to the Golgi apparatus and sorted to constitutive or regulated secretory pathways. The constitutive pathway, as its name implies, is not regulated by secretagogues. In contrast, the regulated pathway, where almost all of the proinsulin molecules are sorted, includes the packaging of prohormones into secretory granules and following exocytosis in response to secretagogues. Conversion of proinsulin to insulin and C-peptide occurs within secretory granules. Proinsulin, the precursor of insulin, which was discovered by Steiner et al. 35, 36 , is converted to insulin by enzymatic removal of C-peptide at the sites of dibasic amino acids. Prohormone convertase 1/3, 2 and carboxypeptidase E are involved in this process. The initial event of this processing is endoproteolytic cleavage on the carboxy-terminal side of one of the basic residues linking the insulin chains to the C-peptide. Two prohormone convertases, PC1/3 and PC2, involved in this process have preferences for specific sites. PC1/3 preferentially cleaves on the connecting site between the insulin b-chain and the C-peptide, whereas PC2 cleaves on the connecting site between the insulin a-chain and the C-peptide. The residual basic amino acids left are removed by carboxypeptidase E. In humans, the initial cleavage will occur predominantly between the insulin b-chain and the C-peptide; therefore, in two of the proinsulin conversion intermediates, a much larger amount of des-64,65 split proinsulin exists in the circulation than that of des-31,32 split proinsulin. A further round of cleavage and trimming of another site generates insulin and C-peptide at the equimolar ratio. Biosynthesis and processing of insulin has also been reviewed elsewhere [37] [38] [39] [40] .
INSULIN GENE MUTATIONS WITH HYPERINSULINEMIA
Missense mutations in the insulin gene leading to the production of structurally abnormal insulins with reduced biological activity and receptor binding can cause diabetes mellitus. To date, three distinct mutant insulins have been identified (Figure 1 ) [1] [2] [3] [4] [5] [6] [7] [8] 41, 42 . In 1979, Tager et al.
1 reported the first case, insulin Chicago (F49L or PheB25Leu). The family with the second mutant insulin, insulin Los Angeles (F48S or PheB24Ser), was reported subsequently [3] [4] [5] . The third mutant insulin, insulin Wakayama (V92L or ValA3Leu), was found in Japan and three families of this mutation have been reported from Japan [5] [6] [7] [8] . The (Table 1) . Among the three mutant insulins, insulin Wakayama showed the lowest receptor binding and biological activity, and the longest half-life. There is a negative correlation between receptor binding and half-life. Not all individuals with mutant insulin develop diabetes. Because affected subjects have both normal and mutant alleles, overproduction of normal insulin will compensate. The assessment of endogenous insulin secretory capacity by serum CPR response to the 75-g oral glucose tolerance test ( Table 2 ) clearly showed that affected subjects secrete approximately twice the amount of insulin compared with control subjects with corresponding glucose tolerance. If other factors, such as aging, causing insulin resistance or pancreatic b-cell secretory dysfunction, are added in the affected subjects, they might easily develop diabetes or glucose intolerance. Reduced urinary excretion of mutant insulin, insulin Wakayama, compared with normal insulin has been reported 43, 44 . Because arginine (inhibitor of renal tubular reabsorption) load increases urinary excretion of insulin Wakayama 44 , there might exist a receptor-mediated secretion system in the kidney. . The R89 at the C-peptide-a-chain junction is mutated in three of the mutations (proinsulin Tokyo, R89H; proinsulin Kyoto, R89L; and proinsulin Oxford, R89P). Another mutation is at the b-chain (proinsulin Providence, H34D). The degree of glucose intolerance varies from normal to mild diabetes. The mutations at the position of R89 disturb the processing of des-31,32 split proinsulin to insulin and C-peptide by PC2. Therefore, these patients have a high level of the circulating des-31,32 split proinsulin, which cleaves only the b-chain-C-peptide junction by PC1/3. Another mechanism is involved in the cause of hyperproinsulinemia by H34D insulin gene mutation. Transfection of the mutant insulin gene or transgenic mice both showed that a significant amount of mutant H34D proinsulin is secreted from the constitutive pathway where processing does not occur 45, 46 . The reason why H34D proinsulin missorted to the constitutive pathway is unclear. However, H34D insulin has approximately fivefold enhanced receptor binding compared with normal insulin 47 . Therefore, the mutant H34D proinsulin might bind to the recycling insulin receptor much more strongly than normal proinsulin. Since recycling insulin receptors are transferred to cell surface through the constitutive pathway, mutant proinsulins binding with receptors might be sorted to this pathway.
INSULIN GENE MUTATIONS WITH HYPERPROINSULINEMIA

INSULIN GENE MUTATIONS WITHOUT HYPERINSULINEMIA OR HYPERPROINSULINEMIA (ANIMAL MODEL)
In contrast to insulin gene mutations causing hyper(pro)insulinemia, the possibility of insulin gene mutations, which reduce insulin biosynthesis and do not show hyperinsulinemia, had been speculated. The Akita mouse is a spontaneous diabetic mouse with reduced b-cell mass and without insulitis or obesity 18, 19 . Genetic analysis showed that a mutation of C96Y in the insulin 2 gene is responsible for the diabetic phenotype in this mouse 20 . Because mice have two insulin genes, neither knockout mice of insulin 1 or insulin 2 48 develop severe diabetes as Akita mice do. The C96Y mutation disrupts a disulfide bond between the a-and b-chains of insulin and therefore are thought to induce a drastic conformational change of the molecule. In the pancreas of Akita mice, mRNAs for ER-stress induced genes were increased and the targeted disruption of the C/EBP homologous protein (CHOP) gene, ER-stress associated apoptosis factor, delayed the onset of diabetes in this mouse 49 . Overexpression of mutant C96Y insulin in MIN6 insulinoma cells results in apoptosis 49 . Therefore, diabetes in Akita mice is a result of b-cell apoptosis induced by increased ER stress through the production of misfolded protein, rather than a simple decrease of insulin production 49, 50 . Another example of this class of insulin gene mutation is the Munich (C95S mutation in Ins2 gene) mouse 21 . This mouse has been identified as the novel Human Insulin served as standard and was defined as 100% receptor binding and biological activity. Receptor binding was determined by using rat adipocytes, and biological activity was assessed by the stimulation of glucose uptake or oxidation in rat adipocytes. In vivo half-life was determined by using somatostatin infused dog. non-obese diabetic mouse by the screening of N-ethyl-N-nitrosourea (ENU) mouse mutagenesis project. The C95S mutation will disrupt the intrachain disulfide bond of the insulin a-chain, and causes hypoinsulinemic hyperglycemia by 1 month-of-age. Electron microscopic observation showed a decreased number and size of insulin granules, enlarged ER and swollen mitochondria consistent with increased ER stress by abnormally folded mutant insulin molecules 21 .
ER STRESS AND b-CELLS
The ER is a membrane-bound organelle that supports the biosynthesis of approximately one-third of the cellular proteins. The ER is a place for protein folding and post-translational modification of polypeptide destined for the plasma membrane, intracellular organelles or extracellular secretion. Protein folding is facilitated or assisted by molecular chaperones and folding enzymes including binding Ig protein (BiP) or protein disulfide isomerase (PDI). Successfully folded proteins are sent to the Golgi apparatus. Proteins improperly folded are, however, subjected to retention in the ER lumen and eventually destroyed. ER stress, which is caused by the accumulation of misfolded proteins in the ER, elicits stress signaling pathways termed the unfolded protein response (UPR). The presence of unfolded proteins is sensed by dsRNA-activated protein kinase (PKR)-like ER kinase (PERK), also known as eukaryotic translation initiation factor (eIF) 2-a kinase 3 (EIF2aK3), inositol requiring protein 1a (IRE1a) and activating transcription factor 6 (ATR6). When the unfolded protein load exceeds the capacity, PERK phosphorylates eIF2a and attenuates mRNA translation initiation of new proteins. However, several mRNA species need eIF2a phosphorylation for their translation initiation. One example is ATF4, a transcriptional factor inducing the expression of a subset of genes including ER chaperones. IRE1a, when activated, showed RNase activity and degradated mRNAs to reduce the ER stress. IRE1a also cleaves X-box binding protein 1 (XBP1) mRNA, which is necessary for the splicing reaction required for the translation of active XBP1 isoform (XBP1s). XBP1s activates the transcription of genes, including ER chaperones and genes for the ER-associated degradation (ERAD) system 51 . ATF6 is another transcription factor that binds to the ER stress response elements in the promoters of UPR-responsive genes. PERK, IRE1a and ATF6 are maintained in an inactive state through interaction with the chaperone protein, BiP. Accumulation of unfolded proteins in the ER results in the release of BiP from these sensor proteins. And the dimerization of PERK or IRE1a will cause their activation. ATF6 is activated after transfer to the Golgi apparatus and after proteolytic processing. If the ER stress is too much and UPR cannot handle it, ER stress-mediated apoptosis might occur. Apoptotic signals from the ER includes: (i) PERK/eIF2a-dependent induction of the proapoptotic transcription factor CHOP; (ii) BAK/BAX-regulated Ca 2+ release from the ER; (iii) IRE1a-mediated activation of apoptotic signalregulating kinase 1(ASK1)/c-Jun amino terminal kinase (JNK); and (iv) activation of procaspase 12.
Because pancreatic b-cells have to produce a huge amount of insulins, almost 1 million molecules per minute per cell, conditions impair protein folding and processing would easily cause b-cell failure and diabetes. In fact, UPR gene induction was reported both in the islets of diabetic patients and diabetic model mice, showing the involvement of ER stress in the pathogenesis of diabetes. The importance of ER stress in b-cells has been summarized in other review articles [52] [53] [54] [55] [56] [57] .
NEONATAL DIABETES
Neonatal diabetes mellitus (NDM) is defined as diabetes before 6 months-of-age and is divided into two categories: (i) permanent neonatal diabetes mellitus (PNDM); and (ii) transient neonatal diabetes mellitus (TNDM) 58, 59 . The former requires continuous treatment for diabetes. In contrast, the latter is characterized by spontaneous remission within the first few months of life, although frequent relapse of the disease might occur later in life. NDM is rare, estimated approximately one case per 300,000-500,000 live births, and over half of NDM cases are TNDM. Recent studies have shown the genetic causes of both TNDM and PNDM. In TNDM, the major cause is chromosome 6q24 abnormalities. Overexpression of genes in this region, which is normally imprinted (silencing of the maternal allele), by paternal uniparental isodisomy (UPD), by paternal duplication of this region or by loss of DNA methylation is thought to be a cause of TNDM 60 . The 6q24 abnormalities explain approximately 70% of TNDM, followed by adenosine triphosphate (ATP)-binding cassette, subfamily C, member 8 (ABCC8) mutations, and potassium channel, inwardly rectifying, subfamily J, member 11 (KCNJ11) mutations, both of which are components of pancreatic b-cell ATP-sensitive potassium channel 58, 59, 61 . Mutations of hepatocyte nuclear factor-1b, well-known as the cause of maturity-onset diabetes of the young (MODY) 5, have been also reported as a cause of TNDM 62, 63 . In PNDM, the major cause is defects of the ATP-sensitive potassium channel (ABCC8 or KCNJ11 mutations) 58, 59, 61 . Glucokinase and pancreas/duodenum homeobox protein (PDX) 1, both of which have been known to cause MODY in heterozygous situations, cause PNDM in homozygous or compound heterozygous states [64] [65] [66] [67] [68] . Rare genetic disorders with syndromic features also cause PNDM. The genes responsible include forkhead box P3 (FOXP3) in immunodysregulation polyendocrinopathy, enteropathy, X-linked (IPEX) 69, 70 , eukaryotic translation initiation factor 2-a kinase 3 (EIF2AK3) in Wolcott-Rallison syndrome 71 , pancreas transcription factor (PTF) 1a in PNDM with cerebellar agenesis 72 , regulatory factor X 6 (RFX6) in PNDM with pancreatic hypoplasia, intestinal atresia and gallbladder aplasia 73 , and glioma-associated oncogene-similar family zinc finger 3 (GLIS3) in PNDM with congenital hypothyroidism 74 . Among these genes, PERK is an important component in the UPR, and therefore PNDM, as a result of PERK dysfunction, was originally thought to be caused by a failure to control ER stress. However, recent studies have also claimed this notion. The decrease of b-cell mass was a result of decreased proliferation rather than increased apoptosis.
ª 2011 Asian Association for the Study of Diabetes and Blackwell Publishing Asia Pty Ltd PERK also regulates proinsulin trafficking 75, 76 . Further study will be necessary to gain a better understanding of the physiological roles of PERK or ER stress in b-cells.
INSULIN GENE MUTATIONS IN NEONATAL DIABETES
In 2007, Stoy et al. 22 reported that mutations of the insulin gene are a novel cause of PNDM. Ten heterozygous mutations in 16 families were identified and this discovery stimulated further screening and led to the identification of more mutations (Figure 2 ) [23] [24] [25] [26] [27] [28] [29] [30] [31] . Furthermore, the clinical entity of insulin gene mutations is not restricted in ND. Insulin gene mutations have been identified in MODY, type 1b (autoantibody-negative) like patients and early-onset type 2-like patients. To date, insulin gene mutations in the heterozygous state have been reported in 66 probands. Among them, 18 out of 66 (27%) were inherited from an affected parent, whereas 48 out of 66 (73%) were originated from de novo mutations. The heterozygous insulin gene mutation could explain approximately 14% of PNDM patients born to non-consanguineous parents. The incidence of heterozygous insulin gene mutation in diabetes other than PNDM is supposed to be much lower and is estimated to be less than 2% 77 . Recently, recessive (homozygous or compound heterozygous) mutations of the insulin gene have been reported. Ten mutations in 15 families were identified (Figure 3) 
32
. These mutations lead to decreased insulin biosynthesis through different mechanisms: gene deletion, mutated start codon, mutated polyadenylation signal that would affect mRNA stability, and promoter mutations. Compared to patients with heterozygous insulin gene mutations, these recessive patients showed lower birth weight ()3.2SD vs )2.0SD) and earlier diagnosis (1 week vs 10 weeks), showing the severity of b-cell defects in these patients. TNDM is only seen in patients with recessive mutations (26% vs 0%). TNDM is only found in patients with non-coding mutations, and they have a higher birth weight and are diagnosed later, which implies mutations causing TNDM are less severe than those with PNDM.
Studies of the function of each insulin gene mutation have been carried out. Mutations affecting processing or folding do indeed accumulate in the ER, poorly secreted, and cause the induction of UPR and apoptosis [78] [79] [80] [81] . This class of mutant insulin exerts a dominant-negative effect on the synthesis and secretion of normal insulin as a result of UPR and the consequent attenuation of translation 82, 83 . Recessive mutations in the insulin gene, in contrast, results in reduced insulin biosynthesis through various mechanisms including gene deletion, mutated start codon, mutated polyadenylation signal that would affect mRNA stability, and promoter mutations 32 .
THE INSULIN VARIABLE NUMBER OF TANDEM REPEATS AND TYPE 1a DIABETES
Insulin gene variable number of tandem repeats (VNTR) is located approximately 0.5 kb upstream of the insulin gene. This polymorphic repeat consists of a 14-15 bp unit of consensus sequence (ACAGGGGTCTGGGG) with a slight variation of the repeat sequence 84 , and is classified as class I (small, frequency approximately 70% in Caucasians, but more than 90% in Japanese), class II (intermediate, rare) or class III (large, frequency approximately 30% in Caucasians). The insulin VNTR was found to be associated with type 1 diabetes and is now referred to as the IDDM2 susceptibility locus [85] [86] [87] [88] . The shorter class I allele predisposes to type 1 diabetes, whereas the class III allele showed resistance to type 1 diabetes. Not only seen in Caucasians, this correlation has also been proved in Japanese 89 . The expression of the insulin gene is highly restricted in pancreatic b-cells with very few exceptions. The thymus is one of the exceptions. Genes encoding for self molecules have been found to be expressed in the thymus, including insulin 90, 91 . And the thymic expression of self antigens might be crucial for the development of self tolerance or negative selection. Insulin mRNA levels in the thymus were found to correlate with the VNTR allele 92, 93 . The class III VNTR alleles are transcribed at much higher levels in the thymus than class I alleles. Because thymic expression of self antigens and their levels of expression affect the development of self tolerance or negative selection of autoreactive T-lymphocytes, the insulin gene VNTR allele might modulate tolerance to insulin by affecting its expression in the thymus. Supporting this hypothesis, transgenic expression of proinsulin in the thymus of non-obese diabetic (NOD) mice prevents insulitis and diabetes 94 .
